Time-dependent natural weathering processes suffered by historic bricks in Toledo (Spain) improve their physicomechanical properties by porous infill with gypsum, ettringite and mainly calcite. Both, these bricks and their experimental replica bricks, made from the original calcareous clays fired at the probable historical temperatures (700º -900ºC), have been analyzed by X-ray diffraction, optical and scanning electron microscopy, mercury intrusion porosimetry and ultrasound velocities to compare pore structure and strength evolution by mineral cementation. The resultant microstructure and mineral fillings depend on brick calcareous composition and firing temperature, the brick location environment, burial, indoor or outdoor walls, the lime-based joint mortars and coat plasters and infiltration waters.
water pollution, moisture, temperature and microorganisms, and (iii) producing dissimilar weathering traces such as salt efflorescence, fissures, falling down of fragments and crust formation.
Salts may be inherent to the brick or mortar, absorbed with groundwater, created by metabolic activity of microorganisms, or formed by reaction with atmospheric pollutants, particularly sulfates, which infiltrate into the brick porosity and bring about precipitation of new phases, e.g., ettringite, thaumasite, mirabilite, gypsum, with a linked crystallization pressure, which produces fissures and cohesion losses. [5] [6] [7] In spite of the usually occurring salt decay, in several cases, under specific conditions the precipitation of calcite or ettringite consolidates the brick or mortar by cementation of surfaces or porous media including reduction of the permeability and increasing of the mechanical resistance. [8] [9] [10] Lime has been used as an essential binder for the production of mortars and plasters since 7000 BC, and both Greeks and Romans were familiar with its use. Traditional or historical lime mortars have been used for masonry structures as joint mortars, as supporting or decorative materials and even as binders for waterproof linings. These were produced before the end of the 19 th century, when Portland cement first appeared in building constructions. 11, 12 When lime mortars (CaO) are mixed with water they become transformed into calcium hydroxide (Ca(OH) 2 ), the mineral phase also known as slaked lime, hydrated lime or portlandite.
The carbonation process in lime mortar is influenced by the diffusion of carbon dioxide into the mortar pore system, following the kinetics of the lime carbonation reaction, by the drying and wetting process in the mortar. All these phenomena depend on the presence of water in the mortar, both in liquid form as well as in vapor and are favored by low temperatures. [13] [14] [15] Carbonation does not seem to have a negative influence on the lime mortar performance. In fact, the Romans used long-term aged lime putty achieving excellent lime mortars that have withstood weathering up to the present time. Experimental mortars prepared using traditional aged lime putties (up to 14 years storage under water) show rapid, extensive carbonation, resulting in porosity reduction and ultrasonic speed increase. 16, 17 The bricks present an important porosity that induces lime absorption by capillarity and partial carbonation in contact with the interstitial gases, which have a high CO 2 pressure after firing. 18 The science of materials increasingly focuses on specific details, often safeguarding reactions with the surrounding neighboring materials. Physical properties, composition, chemical reactions and decay mechanisms of brick and mortars have been extensively analyzed in separate studies; conversely not many of the published studies examine mortar-brick interactions.
The excavation and restoration works performed by the Archaeological Service of the Provincial Council of Toledo, for building refurbishements in the City Center have uncovered hitherto concealed structures and bricks providing a wonderful opportunity to collect ancient bricks and mortar samples.
Former studies on these Toledo historical bricks showed unexpectedly high compression strength and low water absorption values. Only a few samples display fissures, high water absorption and low stress compression values.
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For comparison purposes, original clays were selected from ancient quarries close to Toledo City Center.
In order to measure their physical properties and to assess the mechanical modifications suffered by the true historical brick samples, these experimental fired specimens replicate a comparable original starting point for the ancient Toledo bricks.
The aim of this work is to study the causes of the well preserved status of many ancient bricks of Toledo and to quantify their physicomechanical modifications over time, taking into account cementation processes produced by different weathering mechanisms and the relationships between lime mortars and plasters and these calcareous bricks.
II. Sampling
Toledo is located in the middle of Iberian peninsula; with a continental weather, its main climate characteristics are: long summers and winters and short springs and autumns; dry, with scarce precipitations, and little frequent snow; arid (scarce vegetation and rocky with clayed soils, these, with high thermodiffusivity and good humidity retention), plentiful sunlight, strongly illuminated in summer, with a tendency to misty in winter; scarce windy, with predominance of West and East winds. The most frequent meteors are hazes, mists and irradiation fogs. 20 Ancient brick samples were collected from several historical Toledo buildings offering different preservation environments: (i) walls in inner courtyards (brick DIP), (ii) walls in cellars (bricks CG2 and CG3), and (iii) buried walls from archaeological excavations (bricks AL2 and AL3). Table I shows the buildings from which the samples were taken, the estimated age of the bricks according to architectonic style and construction period, original locations, architectonic structures and conservation environments.
The Municipal Record Office of Toledo provided useful data 21 on the original raw clay materials used in the nearby San Bernardo convent zone (SB samples) to the west of the city and also in the chapel of the Concepcion zone (EC samples). The genetic relationships between bricks DIP and AL3 with clays EC, and between bricks AL2, CG2 and CG3 with clays SB were established by XRD, DTA, XRF and EMPA techniques.
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In this work we tried simplifying the reproduction of the ancient method of brick manufacture, by hand made elaboration, using brick moulds, with the historical raw clays, but baking the bricks in an electric oven at probable genuine temperatures (700º, 800º and 900ºC, those estimated for the ancient bricks), to make experimental replica bricks for evaluation purposes.
III. Instrumental Methods
The brick samples mineralogy was determined by powder X-ray diffractometry (XRD, Model PW-1710
Philips, Eindhoven, The Netherlands) with CuKα radiation. Patterns were obtained by step scanning from 3º to 75º 2θ with a count of 0.5 s per step, exploration speed of 7º/min and 40 kV and 40 mA in the X-ray tube.
The clay mineralogy was also performed by XRD, but the fractions <1.12 µm were obtained from oriented aggregates, swelling in glycerol and heated at 550ºC. A detailed identification of minute amounts of mineral pore infill was also performed by XRD (Model X'Pert PRO MPD, PANalytical, Almelo, Netherlands), with a line focus of 100 microns in diameter, X'Celarator detector, nickel filter without monochromator and sample spinning.
The ancient bricks were analyzed by microscopy methods to study the different types of weathering processes and the cementation of porous media. Analytical, UK) were used for SEM-EDS analysis.
To assess the pore structure evolution of ancient bricks, total porosity and pore size distribution (PSD) of bricks were determined by mercury intrusion porosimetry (MIP) in a radius range of 0.01-110 µm (Model Micromeritics Autopore III S.9400, Norcross, GA).
To evaluate the mechanical strength evolution, the compressional wave velocity, v P , was obtained using the transmission method, coupling two piezoelectric sensors next to the object at constant pressure. One of the transducers is activated using an ultrasonic pulser and the other is used as a receptor sensor (Model Sonic
Viewer-170 OYO). Compressional wave was measured using polarized transducers (500 KHz) (Model Panametrics V101-RB), in which acquired and digitalized waveforms are displayed, manipulated and stored.
A visco-elastic couplant was used to achieve good coupling between the transducer and the sample.
IV. Results and Discussion

(1) Mineralogical composition
The XRD analyses of brick samples show their mineralogical composition and hence the significant presence or absence of specific mineralogical phases as firing temperature markers.
Brick DIP displays quartz, feldspar, illite, calcite, gehlenite and hematite. In the polarizing microscope Kfeldspar, plagioclase, hematite and low-crystalline calcite were also observed. The diopside absence, which commonly appears in firing process above 900ºC, and the presence of gehlenite and hematite synthesized above 800ºC 23, 24 demonstrate that the brick was baked at circa 900ºC and not above. XRD analyses showed that bricks CG2 and CG3 display quartz, feldspar, illite, calcite and gehlenite. In the polarizing microscope altered K-feldspar and plagioclase and calcite negative crystals, hematite and low-crystalline calcite grains can also be observed. The diopside absence and the presence of gehlenite traces demonstrate that these bricks were fired a bit over 800ºC. Bricks AL2 and AL3 showed quartz, feldspar, calcite, dolomite and illite by analyzing XRD data. In the polarizing microscope, altered K-feldspar and plagioclase, garnets and many primary grains of calcite and biotite and muscovite megacrysts in matrix were observed. The absence of high temperature phases and the presence of calcite and dolomite in these bricks, point to firing temperatures circa 700ºC. 25 The SB4 clay powder displays 14% quartz, 10% feldspar, 16% calcite, 7% dolomite and 56%
phyllosilicates; the XRD analyses of the oriented aggregates show that phyllosilicates are mainly illite with traces of kaolinite. The EC6 clay case displays 8% quartz, 24% feldspar, 11% calcite, 10% dolomite and 47% phyllosilicates; the oriented aggregates show 14% smectite, 22% illite and 11% kaolinite. Firing these clay samples at the probable genuine temperatures (700º, 800º and 900ºC), the same high temperature phases detected in the historical bricks become visible, which suggest an approximate selection and source origin.
The comparison among physicomechanical properties must be performed between: (i) brick-DIP and clay-EC6 fired at 900ºC (EC6-900), (ii) brick-AL3 and clay-EC6 fired at 700ºC (EC6-700), (iii) bricks-CG2 and CG3 and clay-SB4 fired at 800ºC (SB4-800), and (iv) brick-AL2 and clay-SB4 fired at 700ºC (SB4-700).
(2) Porous media evolution
The progressive cementation of the porous system was qualitatively studied by POM and SEM and quantitatively by MIP in the pore radius interval from 0.001 µm to 110 µm. Porosity is defined as the ratio of the volume of voids to total volume of brick, expressed as a percentage. This is linked to the flow of weathering agents and the remaining moisture produces a negative influence on brick durability. All ancient bricks of Toledo analyzed showed reduction in overall porosity ranging from 2.1% to 11.2%.
Burial AL2 and AL3 bricks, fired below 700ºC, display neo-formed calcite crystals in the porosity media and diluted and corroded primary calcite grains in the clay-stone matrix. These calcites were not dissociated in the brick firing and they could be a possible calcium carbonate source for the neo-formed crystals. In these bricks, calcite crystals display different textures that could depend on the acidity and flow rate of solutions that react with the mineral composition. Soft surfaces with no sharp crystals suggest a dissolution process by the interaction of calcite crystals with lightly acid solutions and a slow flow rate. While rough surfaces with cavities suggest a corrosion process by interaction with higher acid solutions under energetic flow rates, that cause both dissolution and corrosion processes. Neo-crystallization is produced from the dissolution of calcite crystals causing deposition in the pore system, giving rise to new calcite crystals with druses crystallizations of slabs and needles, sometimes with chaotic spatial orientation, which can be interpreted by different flowing directions during the crystallization. 26 A mechanistic validation of these different textures can be observed in Fig.1 . Figure 1a illustrates the three processes of dissolution, corrosion and neo-crystallization in the AL3 brick.
Figures 1b, 1c and 1d display, at different scales, the same processes in the AL2 brick; the final result being pores filled with calcite crystals; for AL3 they measure from 0.3 to 3 µm, and in the AL2 case, from 30 to 110 µm.
Comparative mercury porosimetry analyses between the ancient AL3 brick and its experimental replica EC6-M7 (Table II) showed the pore size distribution (PSD) evolution as follows: (i) an almost constant percentage of pores with a radius in the range 31.6-110 µm, (ii) a 14.96% drop of 0.316-3.16 µm pores, and (iii) a 15.07% increase of pores with radius <0.316 µm (Fig.2 ). This could be produced by corrosion of infiltration fluids; whereas 0.316-3.16 pores could be cemented by CaCO 3 saturated solutions derived from primary calcite dissolution or from the outer cover of the carbonated lime mortar. The calcium hydroxide coating combined with the presence of large pores makes this region vulnerable to chemical attack, increasing the permeability and serving as channels for solution access. 27 The ancient AL2 brick and its experimental replica SB4-M7 (Table II) showed the PSD evolution as follows: (i) an almost constant percentage of pores with a radius in the range 31.6-110 µm, (ii) a 26.46% drop of 0.316-3.16 µm pores, and (iii) a 25.43% increase of pores with radius <0.316 µm (Fig.2) .
The larger pore sizes of AL2 brick in respect to AL3 brick could be linked with the grain size of their raw clays (SB4 and EC6, respectively), hand-kneading and different percentage of gravel and sand ratios (Table III) . In this specific AL2 brick, the additional possible cause of the larger pores formation coupled with CO 2 emissions was not possible because it does not reach 700ºC during the brick firing. Most of the porosity observed before 800ºC depends on the type of clay, the size and concentration of the inclusions, the organic matter and volatiles. (Table IV) .
The dissolution of the mortar and its infiltration into the brick has produced the precipitation of gypsum crystals in fissures and pores (Fig. 4c) . Under the optical microscope, the mortar in the boundary shows large crystals (1 mm) of fissured quartz and neo-formed crystals of calcite and gypsum and visible amorphous veins from mortar towards the core of the brick matrix; the infiltration veins were identified as calcium sulfate (gypsum) using SEM -EDS.
Pore size distribution in CG3 brick (Table II) (Fig. 3) . This can be attributed to the intrinsic growth of gypsum as intergrowth and interlocking crystals performing a microporous bed 30 that seals the 0.316-3.16 µm pores but generates the pores <0.316 µm.
In the CG2 brick case, we observe ettringite [Ca 6 Al 2 (SO 4 ) 3 (OH) 12 ·26(H 2 O)] in pores with larger sizes than the pores studied by SEM in other samples, e.g., Figure 5a shows an infiltrated pore with a probable solution from lime-gypsum mortar and/or plaster used as coat for the external wall. The environmental conditions (∼1 atm), hypogeal temperature (from 15ºC to 18ºC) and humidity of the residence of El Greco cellar facilitate the crystallization and conservation of these fragile needle ettringite crystals that have formed a closed network filling up many pores (Figs. 6a and 6b ).
The analyses of the pore size distribution evolution in CG2 brick (Table II) (iii) a 44.57% increase of pores with radius <0.316 µm (Fig. 3) . This pore reduction, detected by PSD, could be explained by calcite cementation in the pore system. Later ettringite formation in large sized pores are only localized close the outer surface of the CG2 brick (~1 cm) and it can be linked with the lime-sulfate joint mortar and the coat plaster in a hypogeal environment. The excellence of the highly hydrated ettringite needles observed by SEM (Fig. 6b) , the plane-zoned distribution of the ettringite, the hypogeal environment and the calcite amount rising (Fig. 5b) towards the core of the brick are in good agreement with this proposed genesis. The increase of pore with radius <0.316 µm can be explained by the ettringite needles that seal macropores but generate a microporous network. The XRD analyses with a focused beam of the whitish needles in CG2 macro-pores show pure ettringite. This primary ettringite is not unavoidably negative, it can help the cementation, acting as a strong and durable binder 9, 31 . Ettringite expansion depends mainly on the positions where ettringite crystals form. In a pore solution of high alkalinity, ettringite crystals form in situ and cause a large expansion. Alternately, they precipitate partially or completely in voids and macropores, hence giving rise to a little expansion or no expansion. 32, 33 This fact explains the low damage produced by ettringite crystallization in macropores of the studied bricks.
Using polarizing microscopy, brick DIP displays calcite pheno-crystals with low crystallinity and calcite micro-grains dispersed in the matrix. These were generated by environmental re-carbonation of the CaO grains formed during brick firing up to 900ºC in accordance with the well-know steps of Ca(OH) 2 and atmospheric CO 2 reactions (Fig. 4d) . The carbonation of lime takes place via the transformation of portlandite to calcite. This is a two-stage process. First, carbon dioxide dissolves in water. Second, calcium hydroxide reacts with the carbonic acid in solution (Fig. 5a ).
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The pore size distribution evolution in DIP brick (Table II) of 0.316-3.16 µm pores due to re-carbonation, and (iii) a large increase of 42.96% of pores with radius <0.316 µm (Fig. 3) . The small Ca(OH) 2 particle size in a long-term aged putty enhances dissolution and increases the saturation degree creating a higher volume of pores with r<0.1µm. These small pores can sustain very high super-saturation degree with respect to CaCO 3 , resulting in high nucleation rates. Table V illustrates the comparative results of physicomechanical properties of ancient bricks and the historical raw clays fired at the probable genuine temperature ranges (700º, 800º and 900ºC) as experimental replica bricks.
(3) Mechanical properties evolution
To asses the balance between dissolution (weight loss) and precipitation (weight gain), the bulk density of samples have been calculated. The results, compiled in Table V , suggest an equilibrium between dissolution and precipitation of minerals, because density keeps almost constant in all the studied samples, in both ancient and experimental replica bricks. Only a little gain (0.1 g/cm 3 ) is produced in the ancient bricks, probably caused by new mineral precipitation.
The strength of the brick is an essential parameter in determining its durability as is the material's resistance to the action of several important decay mechanisms such as frost and salt action as well as capillary pressure during the wetting and drying cycles. 35 Bricks with high compression strength, Young's module or ultrasonic wave propagation velocities have an increased durability. 36 Compressional velocities of the mechanical evolution linked to the cementation process are measured in both ancient and experimental replica bricks. During carbonation, pores are filled by calcite. As a result, the brick-forming mineral content is changing and mechanical properties improved by porosity reduction and cementation grade increase. This fact is reflected in increased v P values after cementation, because compressional velocities of calcite (6.65 km/s) are higher than in clay minerals (1.8-2.4 km/s) 37 and the pore space is reduced by calcite precipitation.
The ultrasonic measurements in the analyzed ancient bricks demonstrate that in all cases the v P values increase (between 0.28 to 1.55 km/s) for pore cementation with gypsum (AL2, CG3), calcite (AL2, AL3,
CG2, CG3, DIP) or calcite-ettringite (CG2).
Brick strength is calculated using a destructive laboratory uniaxial compressive testing on a prepared sample, determining the maximum value of stress attained before failure in order to evaluate the brick mechanical quality. The uniaxial compressive strength depends heavily on microstructural factors such as pores and fractures, grain size, degree of cementation and the elastic properties of brick-forming minerals.
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Another test used to measure material strength is the study of ultrasonic waves, a non destructive measurement, and therefore, suitable for historic samples. The most used ultrasonic parameter in material strength determination is the compressional wave velocity (v P ), since they are closely linked to microstructural factors. 37, 39 Using different correlations between uniaxial compressive strength and compressional velocity for this kind of materials, 40,41 the variation of compressive strength, ∆σ C , with the compressional velocity, ∆v P , may be estimated as: ∆σ C (MPa) ∼ 14 ∆v P (km/s). From this correlation, the improvement of compressive strength by the cementation process in the ancient bricks may be established between 3.94 and 21.68 MPa (Table V) .
V. Conclusions
The analyses of the physicomechanical properties of historical bricks in Toledo and experimental replica bricks made with historical clays collected from the original quarries near Toledo City and fired within the probable genuine temperature ranges (700º, 800º and 900ºC) have been evaluated. These ancient calcareous bricks showed a total porosity reduction from 2.1 to 11.2%, an increase of v P ultrasonic values from 0.28 to 1.55 km/s, and compression strength between 3.94 and 21.68 MPa. The evaluation of pore size distribution evolution shows a 15%-43% decrease of pores with a radius in the range 0.316-3.16 µm, due to calcite and gypsum cementation, that corresponds with a 15%-45% increase of pores with radii smaller than 0.316 µm, due to brick corrosion or microporous network generated by gypsum and ettringite precipitation.
Brick durability is mainly influenced by both pore structure and material strength and an increased degree of cementation results in greater mechanical strength (compressional velocity and uniaxial compressive strength) and lower total porosity. The unusual time-dependent improvement of the brick physicomechanical properties is associated with the porous system cementation as follows:
(i) ∼15% to 26% in buried bricks originally fired up to 700ºC: re-precipitation of calcite crystals from dissolution and corrosion of primary calcite grains,
(ii) ∼30% in buried bricks fired circa 700ºC and bricks taken from cellars and fired circa 800ºC:
precipitation of calcite and gypsum crystals from dissolution of the carbonated-sulfated joint mortar.
(iii) ∼42% in bricks also taken from indoor walls placed in cellars and fired circa 800ºC: precipitation of calcite and ettringite crystals from dissolution of the carbonated-sulfated joint mortar.
(iv) ∼43% in bricks taken from outdoor walls and fired circa 900ºC: hydration-recarbonation of the CaO grains inside the brick matrix by environmental water and CO 2 reaction.
The obtained results demonstrate that weathering processes do not automatically produce decay of building materials; in contrast, they can improve durability. Tables   Table I . Ancient brick samples, historic building of provenance, conservation environment and architectonic structure attribution. 
